Abstract. In this paper, we investigate the double ionization process of He for the shakeoff (SO) and correlated energy-sharing (CES) channels in intense laser field based on the intense-field many body S-matrix theory (IMST). The wavelength dependence of the ionization rate from these two channels are analyzed and compared with each other. According to our calculation, the CES channel dominants at long wavelengths (300-780nm), while the SO channel dominants at short wavelengths (20-200nm). The more interesting thing occurs in the intermediate wavelength regime (200-300nm) where the contributions from the SO and CES channels are comparable and may compete with each other.
Introduction
The intense infrared laser-induced double ionization of atoms has been investigated extensively from both experiments and theoretical aspects during the past four decades . Various mechanisms, such as "shakeoff" [3] , "collective tunneling" [4] , "rescattering model" [5] and so on, are proposed to interpret the experimental phenomena. And it has been accepted that rescattering is the dominant mechanism for the so called "nonsequential" double ionization phenomenon which mainly occuring at infrared wavelength [7, [12] [13] . From the aspect of S-matrix theory, the shakeoff mechanism corresponds to the first-order term (shakeoff channel) while the rescattering mechanism relates to the second-order term (correlated energy-sharing channel). Actually, both channels contribute to the double ionization process and the relative contribution is dependent on the laser parameters [15] .
So far, much progress of the double ionization has been reported at infrared wavelength [7, 9, [13] [14] [15] . For two electron energy distributions of the double ionization in He, the calculations from the SO channel are ruled out and those from the CES channel are in good agreement with the experiments at infrared wavelength [14] . Recently, there are also many papers reporting double ionization of He atom at XUV wavelength [23] [24] [25] . Recoil-ion momentum distributions are measured, where the absorption of two photons results in double ionization of He. Then, good agreement with the results of a model calculation is observed for direct ionization [23] . However, there is few work focusing on the double ionization in the regime of intermediate wavelength where the contributions from the SO and CES channels are comparable.
In this paper, we analyze the relative contribution of the total double ionization rates of the SO and CES channels in intense laser field whose wavelength ranges from XUV to Infrared. The IMST theory is used to study the dependence of the double ionization rate of He atom at the wavelengths (20-780nm) in linearly polarized field. We find that the contribution of the total ionization rate from the SO channel is several orders of magnitude higher than that from the CES at short wavelengths (20-200nm) . In contrast, the contribution of the total ionization rate from the SO channel is many orders of magnitude lower than that from the CES at long wavelengths (300-780nm). It can be found that the two channels may compete with each other at the intermediate wavelengths (200-300nm).
Theoretical methods
By absorption of N photons, the differential rate formula of double ionization of He in an intense linearly polarized laser field can be expressed as [10, 14] 
where, T N of the SO channel which can be write as follows,
and T N of the CES channel,
Here, 
where z 1 and z 2 are the effective nuclear charges of He + and He 2+ ions, respectively. Through the radial integration in k a and k b to Eq. (1) by pole approximation, the double ionization rates of the two channels are
Results and discussion
First, we calculate the double ionization rates of He for the CES and SO channels in intense laser field whose wavelength ranges from XUV to Infrared. The results are shown in Figures 1 and 2 . Each curve represents a certain wavelength, which is shown in the legends of the figures. The horizontal axis represents the intensity of laser field, while the vertical axis represents the double ionization rates of He.
In Fig.1 , it is clearly seen that the total double ionization rates increase as the field intensity increases for all wavelengths. At the short wavelengths(λ=20, 100, 200nm, and 300nm), the dependence of the ionization rate on the intensity and wavelength is similar to the case in Fig. 1 . This is because it falls into the multi-photon ionization regime for short wavelength which can also be described by the perturbative multiple-photon ionization formula. However, for longer wavelengths (λ=500, and 780nm), the curve shows a "knee" structure indicateing that it falls into the tunneling regime where the rescattering mechanism dominates the double ionization. In Fig.2 , it is found that the double ionization rates from the SO channel increase monotonically with laser intensity for all wavelengths. At the same time, the ionization rates will increase with decreasing wavelength. Moreover, the ionization rate increases faster with intensity for longer wavelength. It can be understood from the perturbative multiple-photon ionization rate formula, (n is the number of minimum photon that multiple photon-ionnization needs. and are the total ionization rates and cross sections, respectively.). When fixed wavelength, the ionization rates increase mainly due to the increase of. As we know, the minimum photon number n will decrease with decreasing wavelength. As a result, the ionization rate will increase due to the increasing n-photon ionization cross section but the rising rate decrease due to . Then, we analyse the ratios of double ionization rates between SO channel to those from the CES channel, which are shown in Fig.3 . The horizontal axis and the vertical axis represent the intensity of laser field and the ratio, respectively. In Fig.3 , it is clearly seen that ratios increase with decreasing wavelength. At the same time, the ratios keep almost invariant against increasing of the laser field intensity at the wavelengths (λ=20, 100, and 200nm). At long wavelengths (λ=500, 780nm), the contributions of the total ionization rates from SO channel are many orders of magnitude lower than that from the CES. At 300nm, contributions of the total ionizations of the total ionization rates from SO channel are little lower than that from the CES. But, contributions of the total ionization rates from the SO channel are several orders of magnitude higher than that from the SO at short wavelengths (λ=20, 100, and 200nm). There exit competition between the two channels when the wavelength ranges from 200nm to 300nm.
Finally, we also calculate two-electron energy spectra from the two channels at intermediate wavelengths of 300nm and 200nm, respectively. The results are shown in Fig.4 . From Fig. 4 we can see that, the contributions from the SO and CES channels are comparable and neither of them can be ignored. Both channels make important contributions to the energy spectrum. The SO channel mainly contributes to the low energy part while the CES channel dominates in the high energy part.
Conclusions
In conclusion, we compare the contributions from two channels for He in intense laser field whose wavelength ranges from XUV to infrared. The results show that the ratios keep almost invariant with laser field intensity at wavelengths of 20nm, 100nm and 300nm. We find that the contributions of the total ionization rates from the SO channel are several orders of magnitude higher than that from the CES at these wavelengths. Competition exists between the two channels with intense laser field with wavelength 200nm -300nm.
